A novel and highly sensitive stopped-flow kinetic spectrophotometric method for the determination of nitrite, based on monitoring the variation in the absorbance of the intermediate within a very short period, has been developed. The optimum conditions for various parameters on which the reaction of nitrite with perphenazine depends, were investigated. It was found that the initial reaction rate increased linearly with increasing nitrite concentration in the range from 1.0 × 10 -8 to 6.0 × 10 -6 M. The detection limit was calculated to be 4.8 × 10 -9 M. This method was used for the determination of nitrite in natural and drinking-water with satisfactory results. The influence of cationic, non-ionic and anion surfactants was also studied in this work.
Introduction
Nitrite is ubiquitous within environmental and physiological systems, and occurs in water as an intermediate during the nitrogen cycle. Traces of nitrite in environmental samples give an excellent indication of the extent of pollution and eutrophication. It is known that nitrite can interfere with the oxygen-transport system in the body, and may result in a condition known as methaemoglobinaemia, in which the ability of haemoglobin to exchange oxygen is seriously reduced. 1 Furthermore, nitrite can produce nitroamine, a carcinogenic material within the acidic conditions of the stomach, and then have subsequent implications in the pathology of gastric cancer. 2 Infants under 3 months are thought to be more susceptible than adults. 3 The oral lethal dose for humans was estimated to range from 33 to 250 mg of nitrite per kg of body weight, the lower doses applying to children and elderly people. Toxic doses giving rise to methaemoglobinaemia ranged from 0.4 to 200 mg of nitrite per kg of body weight. 4 Due to these toxic effects, it is important that sensitive and accurate methods are available for the determination of nitrite ions.
Until now, many approaches for nitrite determination have been put forward, such as spectrophotometry, [5] [6] [7] [8] ion chromatography, 9 voltammetry, 10 spectrofluorometry, 11, 12 chemiluminescence, 13 and kinetic methods. 14, 15 These methods have been reviewed by Moorcroft et al. 16 Among them, spectrophotometric and fluorometric methods are widely used.
Various fluorometric methods have been reported for nitrite based on its effects on the fluorescence properties, such as development, 17, 18 inhibition 19, 20 and enhancement, 21 either in a direct or an indirect way. However, some of those methods are time-consuming, heating is necessary, solvent extraction is necessary or the procedures are rather complicated. 22 A number of different fluorescent reagents have been developed. For example, Zhang et al. [23] [24] [25] [26] synthesized several fluorescent probes for the determination of nitrite in real samples with good sensitivity. Whereas, the methods require incubation, and the preparation of the reagents is inconvenient.
Spectrophotometry can be considered the classical detection principle for the determination of nitrite. The most widely used methods for the determination of nitrite are based on the wellknown Griess reaction. 27 Nitrite reacts with a primary aromatic amine to form a diazonium salt. This is then coupled with another aromatic compound to form an azo dye of which the absorbance is measured. 28 Although the Griess reaction offers the advantage of sensitivity, it also has several limitations. For example, control of the pH, temperature and concentration of reagents are critical, and also the method causes a carcinogenic effect. 29 Increased precautions are necessary in the case of this kind of method based on the use of azo dyes. Griess reagents deteriorate during storage, even when refrigerated. The colordeveloping reaction has to be timed due to instability of the dye and to numerous side reactions. The kinetic spectrophotometric method is one of the most attractive approaches for the trace determination of some species. Several kinetic methods have been proposed for the determination of nitrite, 14, 15, [30] [31] [32] but they also use carcinogenic reagents.
Kinetic methods of analysis have become increasingly popular in many areas of analytical and bioanalytical chemistry. In combination with the stopped-flow mixing technique, kinetic methodology is highly suitable for this purpose, since it allows sample and reagent solutions to be mixed automatically and rapidly, as well as measurements to be made shortly after mixing. 33 Furthermore, the stopped-flow technique is the automatic approach most commonly used when fast reactions are involved. 34 The rapid response of the stopped-flow apparatus ensures an experimental time window in the millisecond range, which allows reversible reactions to be studied even in cases where one or more of the components have transient lifetimes in aqueous buffers. This paper describes a stopped-flow kinetic spectrophotometric method for the determination of nitrite using perphenazine as a color reagent. This new approach is based on the reaction of nitrite with perphenazine, which is chemically known as 4-[3-(2-chloro-1-OH-phenothiazine-10-yl)propyl]-1-piperazineethanol, to give a red-colored intermediate showing a maximum absorbance at 526 nm in sulfuric acid media. The change of the absorbance of the intermediate within the original few seconds is monitored, and it is found that the rate of increase near zero reaction time is linearly related to the initial concentration of nitrite. To our knowledge, this is the first successful application of the stopped-flow technique to determine the concentration of nitrite in lake, tap and commercial drinking-water samples using perphenazine. Also the time required for analysis by the proposed method is the least compared with the existing methods; the present work is considered to be a better alternative with respect to precision, reproducibility and speed.
Experimental

Reagents
A perphenazine stock solution (4.0 × 10 -3 M) was prepared by dissolving the pure compound (supplied by Sigma, St. Louis, MO, USA) in 100 ml of 0.001 M sulfuric acid and stored at 4˚C. Sodium dodecyl sulfate (SDS), sodium deoxycholate (SDC), cetyltrimethylammonium bromide (CTMAB), polyoxyethylene lauryl ether (Brij35), and Triton-100 were purchased from Sigma and stock solutions made in water. Unless otherwise specified, all other chemicals were of analytical-reagent grade. All aqueous solutions were prepared from deionized water purified with a Milli-Q system (Millipore, Bedford, MA, USA). A nitrite stock solution was prepared by dissolving sodium nitrite (Sigma), dried for 2 h at 110˚C, in water.
Apparatus
The stopped-flow apparatus (Model SX-18MV) and the associated computer system were from Applied Photophysics (UK). For a total of 20 µL/sample transported into a observation cell with 10 mm light path the fastest time for mixing two solutions and recording the first data point was about 1.3 ms. With the Applied Photophysics apparatus, kinetic traces were taken at different wavelengths between 430 and 660 nm, and the data were analyzed with SX-18MV operating software from Applied Photophysics. 35, 36 The temperature was controlled by using a Tb-85 thermostat bath (Shimadzu, Japan).
Procedure
In a typical single-mixing experiment, one syringe contained 4.0 × 10 -4 M perphenazine in a 0.4 M H2SO4 buffer, and the other contained various concentrations of nitrite in aqueous solution. Single-wavelength stopped-flow spectroscopy studies of the oxidation of perphenazine by nitrite were carried out under a pseudo-first order condition, with perphenazine in large excess. For each run, equal volumes of both solutions were mixed in the mixing chamber, and the changes of the absorbance were monitored at 526 nm during a chosen period of time. For experiments that employed SDC or other surfactants, SDC or other surfactants were prepared with a nitrite solution prior to mixing with perphenazine. The reaction was monitored with either single-wavelength detection or a photo-diode array detector (PDA, Applied Photophysics) attached to the stoppedflow machine. The temperature of the reaction mixture was maintained at 25 ± 0.2˚C by a circulating water bath.
Results and Discussion
Spectral and kinetic studies of the reaction between nitrite and perphenazine
Upon mixing nitrite with perphenazine, an absorbance peak at 526 nm appeared instantly within the first seconds, and then its intensity decreased slowly (Fig. 1) .
Both nitrite and perphenazine have no absorbance peak in the range between 430 and 660 nm (spectrum not shown); and their spectral changes do not interfere with the spectrum of the intermediate. Therefore, the time-resolved spectra in Fig. 1 presents absorbance change of the intermediate resulting from the rapid mixing of nitrite with perphenazine. It can also be seen from Fig. 2 that a rapid increase and a slower decrease in the absorbance were observed at 526 nm with biphasic kinetics. The fast phase comprised the first approximate 2.0 s of the reaction, during which an intermediate was formed, followed by a slower phase, during which the product of the oxidation reaction accumulated. The traces depicted for each concentration of nitrite represented the average of five individual shots and were plotted out for 2000 measurement points recorded in each kinetic run. The concentration of perphenazine was in excess compared to that of nitrite; therefore, the concentration change of perphenazine could be neglected and the rate of the formation of the intermediate was proportional to the concentration of nitrite according the principles of the initial-rate method. 37, 38 In order to estimate the initial reaction rate, the slope (dAbs/dt) of the linear part of the graph in Fig. 2 was calculated with the SX-18MV operating software provided by Applied Photophysics. The initial rate was determined in the first 0.50 s. A calibration graph was constructed from the slope. 37 Five successive runs were made for each syringe filling and the collected data were automatically averaged during the acquisition process. The resulting initial reaction rate was shown to vary linearly with the nitrite concentration, as illustrated in Fig. 3 , and to be sensitive to any change in the nitrite concentration. Consequently, a kinetic stopped-flow approach for the determination of nitrite was realized by measuring the initial reaction rate.
Influence of variables on the system
The univariate method was applied to optimize the experimental variables by measuring the initial rate of formation of the intermediate at 526 nm in establishing a method for the assay of nitrite. All reported concentrations were double what the actual concentration was in the observation cell at time zero after rapid mixing, unless otherwise stated.
In acidic media, nitrite readily reacted with perphenazine to give a red-colored species. The intensity and stability of the red oxidation intermediate depended on the nature and concentration of the acid used; therefore, sulfuric, hydrochloric, phosphoric and acetic acids were tested. The maximum initial rate and color intensity were obtained in a sulfuric acid medium for the proposed method.
The dependence of the initial reaction rate on the sulfuric acid concentration was studied in the range of 0 -1.25 M, as illustrated in Fig. 4 . It was found that no reaction was observed without the presence of sulfuric acid. The value of the initial rate increased significantly with the sulfuric acid concentration over a certain range. However, when the concentration of sulfuric acid was higher than 1.0 M, a decrease in the rate was found. Thus, 0.4 M was selected for subsequence experiments.
The dependence of the initial reaction rate on the perphenazine concentration is presented in Fig. 5 . The initialrate increased with the perphenazine concentration. When the concentration of perphenazine was higher than 4.0 × 10 -4 M, the increase in the initial reaction rate was small. Hence, 4.0 × 10 -4 M was chosen for analytical purposes for nitrite.
As illustrated in Fig. 6 the effect of the temperature on the time course was investigated. Stopped-flow studies over the temperature range from 15.0 to 32.0˚C showed that the rate of the reaction between nitrite and perphenazine increased with increasing temperature.
Considering the sensitivity and convenience of operation, 25.0˚C was chosen as the operating temperature. 
Interferences
In order to evaluate the selectivity of the developed method, the effect of the presence of foreign species on the determination of 4.5 × 10 -7 M nitrite was investigated. If the initial reaction rate changed by > 5%, the added substance was considered to have caused interference. The results are summarized in Table 1 . As can be seen, most of the ions studied did not interfere with the determination, even when present in large excess.
Analytical characteristics
A series of standard solutions of nitrite were analyzed under the optimum conditions. A linear calibration graph was obtained for nitrite concentrations (C) ranging from 1.0 × 10 to 6.0 × 10 3 nM with a correlation coefficient of 0.9994 (n = 10). The linear response can be fitted to an equation as follows: = (1.16 × 10 -3 ± 1.46 × 10 -3 ) + (5.10 ± 0.060) × .
The detection limit, calculated according to the three Sd/m criterion, (in which m is the slope over the range of linearity used and Sd the standard deviation (n = 11) of the initial rate of the reaction), was found to be 4.8 × 10 -9 M. The reproducibility of the system was tested by measurements on 4.5 × 10 -7 M (n = 11). The relative standard deviation was 1.5%.
Analysis of water samples
The usefulness of the proposed method for the determination of traces of nitrite in natural and drinking waters (lake, tap and commercial drinking water) was evaluated by following the procedure described in Procedure. After filtration to remove the suspended solid substances, the concentration values of nitrite in the lake-water samples were determined. Tap and commercial drinking-water samples were analyzed without any It was found that lake and tap-water contained detectable nitrite in the samples. Samples were spiked in the laboratory with nitrite at different concentration levels and analyzed by the proposed kinetic method. Table 2 lists the results for nitrite analysis. As can be seen, good recoveries for the determination of nitrite were obtained, thus indicating the validity of the proposed method for the direct analysis of nitrite ions.
Influence of surfactants on the system
In order to investigate the influence of surfactants on the system, firstly SDC, an anionic surfactant, was chosen to determine whether it affected the reaction. The dependence of the initial reaction rate on the SDC concentration is illustrated in Fig. 7 . The value of the initial rate increased with the SDC concentration over a certain range. However, when the concentration of SDC was higher than 1.0 × 10 -4 M, the increase of the initial reaction rate was small. What is more, a high concentration of SDC would cause the occurrence of bubbles in the solution, which might result in poor reproducibility in the stopped-flow model. To determine whether other anionic surfactants could produce the same effect on the reaction as that of SDC, we performed a similar experiment with SDS instead of SDC. The experimental results showed that the enhancement of SDS on the reaction was less than that of SDC.
CTMAB, a cationic surfactant, was also investigated in this work. It was found that CTMAB did not influence the reaction between perphenazine and nitrite (results not shown).
Non-ionic surfactants, such as Brij-35 and Triton-100, were also investigated. As illustrated in Fig. 8 the value of the initial rate increased with increasing Brij-35 concentration. Thus, Brij-35 played a role of accelerating the reaction. The experimental results showed that the same phenomena were obtained for both Triton-100 and Brij-35, and Brij-35 would produce a more obvious enhancement on the system than Triton-100 at identical concentrations (data not shown). In general, the initial rate was enhanced in the presence of anionic and non-ionic surfactants over a certain range of concentration.
The oxidation of phenothiazine derivatives was known to involve a series of one-electron steps providing free radicals and cations. 39 Perphenazine was oxidized in acidic media to form a red free radical, which was further oxidized to a colorless product instantly. 40, 41 As discussed above, surfactants would 302 ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 a. The tolerance ratio is mole ratio. 
Conclusions
In the study presented here, for the first time a stopped-flow kinetic spectrophotometric approach was established for the assay of nitrite by using the measures of initial reaction rate of the oxidation of perphenazine. Furthermore, the influence of various surfactants on the interaction was considered.
Compared with the traditional spectrophotometric method, there are at least four advantages for the proposed method. First of all, the new method is reagent saving, because the total volume required for one shot is 20 µL. Secondly, an important merit of this method is its sample throughput, i.e. the time required to obtain the analytical data (data acquisition and evaluation) for three successive determinations is less than 60 s after real samples are prepared; therefore, the stopped-flow method may provide a faster determination for a single sample. Thirdly, the stopped-flow method reduces the manipulation involved in the determination step, and allows measurements to be made instantly with satisfactory reproducibility. Fourthly, a practical advantage of stopped-flow methods is the elimination of background signals from the blank or matrix, since they are based on measurements of the signal change during the stop period. The reduction in the number and level of interfering species is another asset of the stopped-flow method. In addition to the simplicity of the methodology, the reagents used are commercially available and none of them present a risk of serious toxicity, thus enhancing the potential applicability of the proposed system for routine water nitrite analysis. Thus, the proposed method features practical properties, such as low dye costs, rapidity, simplicity, precision and reproducibility, and appears to be adequate for determining the concentration of nitrite in natural and drinking-water samples with satisfactory results. 
